The current interest in contemporary tectonic processes in the eastern United States is turning up abundant evidence of crustal movements in late geologic time. Topographic analysis of the highland areas from
the southern Blue Ridge to the Adirondack Mountains indicates that most of the landforms owe their origin to erosion of rocks of different resistance rather than to tectonic processes. Most areas of high relief and high altitude have been formed on resistant rocks. The Cambrian-Ordovician belt, containing mostly shale and carbonate rock, on the other hand, forms an extensive lowland from Alabama to the Canadian border, and girdles the Adirondack Mountains. Differences in altitude can be explained by the presence of resistant rocks outside the belt; these resistant rocks form local base levels on the streams that drain the belt. A few areas may have undergone local uplift at a higher rate than areas nearby for example, the Piedmont region northwest of Chesapeake Bay.
Most estimates of erosion rates based on the load transported by streams and of uplift rates based on removal of the known or inferred amount of overburden during a known period of time are of the same order of magnitude, averaging about h X 10~2 mm per year. Rates of uplift based on study of tilted Pleistocene beaches and repeated geodetic traverses are at least an order of magnitude higher for comparable areas.
Tectonic uplift of the highlands has been slow and involves mostly warping or tilting on a large scale. Erosion rates keep up with or exceed the rate of uplift and have been sufficient to mask evidence of faulting or other differential movements. The high rates of uplift that are inferred on tilted water planes in the glaciated regions or that are measured by differences in repeated geodetic traverses cannot have been sustained for long periods of time.
Differential erosion of rocks of varying resistance has long "been considered a major factor in shaping the landscape of the Eastern United States. Theories to explain the erosional history have "been concerned mainly with cyclical landform development, relict surfaces, such as peneplains, and the evolution of the drainage pattern (Thornbury, 1965, p. 72-87) . Although most geologists agree that uplift did take place in the Eastern United States during late geologic time, that is, since the middle-Mesozoic, few have thought that local topographic forms are of tectonic origin. Faults active in late geologic time have been discovered (York and Oliver, 1976 j JYtixon and Newell ? 1977) "but it has not "been proved that any modern topographic features owe their origin to contemporary faulting.
Recent studies of precise levelling data along geodetic traverses that have been rerun one or more times indicate that many of the monuments have changed in elevation during the interval between traverses. Some of these changes may be due to errors in levelling or to disturbances of the monuments, but it is generally agreed that many of the changes are related to actual motion of the ground or of the Earth's crust. The differences between traverses expressed as velocities of vertical motion are commonly quite large (see Brown and Oliver, 1976 , for discussion of the method of analysis). The interpretation of the repeated traverses poses many problems. The rates of uplift or depression are commonly so high that they could not be long sustained without resulting in much larger topographic features than are observed.
In spite of the difficulties involved in interpreting evidence for recent crustal movements, there is little doubt that rates obtained from precise levelling data as well as from study of ancient strand lines indicate rapid contemporary crustal movements. Analysis of topography of the Appalachian Highlands shows, however, that differential erosion of rocks of different resistance is the major factor that controlled the development of today's topographic forms, including even large features.
A few major topographic discontinuities apparently unrelated to rock type do exist, however, and can be identified. The picture that emerges from topographic analysis is that the major drainage system of the area has through long periods of time become closely adjusted to rock type.
In places, it still deviates from lithologic controls. Some of the deviations occur in response to competing major drainage systems that have different base levels, lengths, and gradients, which are basically caused by rock control within the different systems. Some may be due to tectonic influence, and others may be inherited from the past.
The rate of topographic adjustment because of erosion is so rapid that detection of the details of tectonic control is difficult or impossible even in areas where it is reasonable to expect that such control exists.
On the other hand, the sedimentary record preserved in the Costal Plain and Continental Shelf as well as the grossest topographic relationships are clear evidence of tectonism. The intent of this paper is to describe the major drainage systems and topographic forms of the Appalachian Highlands between Alabama and northern New York and to discuss their adjustment to bedrock. Some topographic anomalies that may be caused by differential movement of separate tectonic blocks are also considered.
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Major topographic features and drainage systems
The general outlines of the topography and drainage of the Appalachian Highlands are shown in figures 1 and 2. In figure 1 , an envelope map originally defined by Stearns (1967) , contours are drawn across the ridge crests and drainage divides. Essentially, figure 1 is a map of the high parts of the topography. In this paper, the envelope map is used as a reference map showing the major streams and the continental divide separating the drainage to the Atlantic Ocean from that to the Gulf of Mexico and St. Lawrence River. Figure 2 , a subenvelope map (Stearns, 19&7; Hack, 1973) is another way to generalize the topography. In this map, the contours are drawn on altitudes along the major streams; it shows the position of In preparing figure 2, the contours were drawn on the streams shown on the U.S. (Hack, 1973 (Hack, , 1976 King and Beikman, 1974) .
' ' Inner edge of Coastal Plain Unit h: Includes the rocks designated by King and Beikman (197^) .
These rocks vary widely in their degree of resistance, but they do contain resistant sequences of great thickness, especially in the south. <; ft Northeast of the New River, the regional drainage is to the southeast into the Atlantic by streams that head along the resistant rocks of the plateau and flow more directly across the Cambrian and Ordovician belt.
Only in the Potomac and Susquehanna basins are there major streams parallel to the regional strike. The Roanoke and James cross resistant Precambrian rock before reaching the Piedmont lowlands, but the outcrop widths are narrow compared with those of the resistant rocks crossed by the New River.
The Potomac exits the belt at a place where the resistant rocks are usually thin (Hack, 1965, p. 28 has been presented by Pierce (1965) . Some modern sag ponds have been described by Craig (1969) . Additional references have been cited by Mathews (1975) . As the fossil deposits could have slumped downward thousands of feet since they formed because of solution of the underlying carbonate rocks, they do not necessarily inform us about the past nature of the relief, but their occurrence and the lack of marine fossils indicates that the Cambrian and Ordovician belt has been exposed to erosion for a long time.
Evidence for late tectonic activity Judging by the quick response of the crust by uplift to the removal of the continental glacier of Pleistocene age, changes in erosion rates probably have been balanced closely by changes in uplift rates; the reverse was probably also true. Thus, high uplift rates probably prevailed in the Early Cretaceous and Miocene, and lower rates, from Late Cretaceous (York and Oliver, 1976) . Probably many more faults will be discovered. Most of them are along the Fall Zone where thin sedimentary strata overlap the basement. Two of these faults have been studied in some detail. The Stafford fault zone, west of the Potomac River (Mixon and Newell, 1977) consists of en echelon faults and a parallel monocline 56 km long. The displacements are small, not exceeding 60 m. They involve sediments as young as middle Tertiary, but some movement in the late Tertiary is possible. The sense of motion is reverse. A somewhat similar group of faults that had small displacements in late geologic time has been found near Augusta, Ga. These faults are also reverse and involve Cretaceous and younger sediments, possibly as young as Miocene (David Prove11, oral commun., 1977) The displacements observed are too small to account for the rate of uplift of the area inland from the Coastal Plain as determined by the sedimentary record. Other faults farther inland would be difficult to detect because of the sparse sedimentary cover younger than the basement.
Another tectonic process of late geologic age is the general downward tilt of the coastal zone to the northeast. This tilt can be seen on Jfigure 3, which shows the Fall Zone or inner margin of the Coastal Plain.
In Georgia, the Fall Zone is crossed by streams at an altitude of 120 m.
At the northern end of Chesapeake Bay the zone is at sea level and in New England it is "below sea level. The tilt of the Fall Zone is matched "by the tilt of the Continental Shelf. These features imply a "broad tilt of the continent down to the northeast. The head of tidewater extends inland different distances in different rivers, as shown by the zero contour in figure 3, but this phenomenon is not necessarily related to the tilt of the coastal zone. Eardley (196U) explained the tilt of the Coastal Plain and Continental Shelf as part of a worldwide process of poleward rise of sea level related to a long-term decrease in period of the Earth's rotation, beginning in the Cretaceous. The fact that some river valleys appear to be drowned more deeply toward the north, however, suggests that a process acting more rapidly may be involved.
Differences in relief or sharp changes in altitude may be evidence for unequal uplift in the past, provided that relief differences are in rocks of similar resistance to erosion. In the northern Piedmont, the increased relief is also related to the general depression of the Coastal Plain in the Salisbury embayment, which brings the edge of the Piedmont to sea level in the larger river valleys like the Potomac. The Pleistocene lowering of the sea level lowered the base level still more and probably affected the relief inland, at least close to the larger streams (Hack, 1975, p. 96) . size in the Blue Ridge, the relief ranges from about 180 to more than 1,000 m and altitudes rise to more than 2,000. Davis (1903) explained the escarpment by the differences in lengths of the rivers on either side in their descent to the sea. White (1950) thought the escarpment was essentially a fault scarp. Hack (1973) expalined the escarpment as due to differences in the geology crossed by the streams on either side. In other words, the westward-flowing streams cross a series of local baselevels formed on resistant rocks, thus in effect, maintaining the high altitude of the continental divide.
The faulting hypothesis remains a possibility, though clear evidence for a fault of faults has not been found. Nevertheless, over long distances, V the rocks forming the present escarpment are not more resistant than are those on the adjacent Piedmont at the toe of the scarp. If no faulting is involved, tilting must have taken place on the southeast side of the Blue Ridge.
Rates of Erosion and Uplift
Many estimates have been made of erosion and uplift rates based on a variety of methods. In addition, contemporary uplift or tilting of the land has been measured in the field by repeated geodetic traverses.
Some of these estimates that relate to the Appalachian Highlands are summarized in tables 2 and 3. This paper, data from Colton, 1970 This paper, data from Epstein and others, 1977 The rates reported here were calculated by Hack from data in reference cited. The tilt rates reported here were calculated by Hack from data in the references cited.
the methods of analysis used in these two cases are rigorous. Items 6 and 7 are estimates based on the volume of sedimentary sequences that have been redeposited after erosion from the land. These estimates are the same order of magnitude as rates in Items 1-3. Item 8 (Whitney and others, 1976 ) is an entirely different kind of analysis based on depth of emplacement of a granite body in metamorphic rocks.
By using isotope ratios, the age and temperature, and hence, by inference, the depth of emplacement can be estimated. The rate of removal of overburden can, of course, be determined from these data, though whether all the removal was due to subaerial erosion is not certain. It is interesting that Item 8 is comparable in magnitude with Items 1, 2, 3, and 6.
Items 9 and 10 are similar in concept to Item 8 in that uplift rates are estimated by inferences about age and depth in the earth before the time of uplift. It is assumed that as the rocks are now at the surface, the average uplift rate and erosion rate have been the same. Item 10 is taken from a study of conodonts (Epstein and others, 1977) j which shows that conodont colors in the Appalachian basin consistently indicate depth of burial. These data give results similar in magnitude to the others.
The two modern erosion rates from small watersheds (items h and 5 , table 2) are significantly different, but it should be noted that the rates in these two places are lower rates rather than higher.
The results obtained from direct measurements of tilt cannot be compared with the uplift velocities or erosion rates given in table 2 without making some sort of conversion that involves assumptions about the distribution of the uplift or erosion rates within an area. To do so, the absolute rates must "be converted to tilt rates. Item 1 in table 3 is such a conversion. It is based on the assumption that the Potomac
Basin is now being tilted upward at its western headwaters near the continental divide relative to the mouth at sea level and that uplift is balanced by an erosion rate of O.OU mm per year (from table 2). As the erosion rate varies throughout the basin, the average rate is assumed to be centered at a point about halfway (112 km) from the river mouth to the continental divide. On this basis, the tilt-rate estimate in the basin is 3.5X 10~ , expressed as millimeters per year per kilometer. This rate can be compared with tilt rates measured along level lines (items 5 and 6, Walcott (1972) to be rising at a rate of 20 mm per year, a rate much higher than any of the absolute rates of table 1. In this example, the uplift area has a radius of about 1,000 km, and this rapid rate is, of course, compatible with the calculated tilt rate for this area (table 3 5 no. 3).
Another example of a high absolute rate is the Adirondack dome, studied
by Isachsen (l9?6) . On the basis of differences between two geodetic traverses, assuming zero base at the south edge of the rising area at Utica, 2^0 km from the center, the Adirondacks are rising at a rate of 3.7 _2 ram per year. This translates to a tilt rate of 2.^ X 10 , approximately the tilt rate of the southern margin of the Canadian Shield. The northern flank of the Adirondack domal uplift also shows on a geodetic traverse along the shore of Lake Champlain (table 3, item 5), "but the direction of tilt is the reverse of the postglacial tilt of the water planes parallel to it (table 3, item k). Therefore, if the tilt is real, it has only recently reversed its direction.
A brief consideration of the rate of change of landforms in postglacial time is useful. Glacial deposits of Wisconsinan age in the central United States, as much as 55»000 years old (Flint, 1971, p. 559 )» have a constructional topography that has undergone little change in form since deposition. On the other hand, glaciated terrain of Illinoian age, more than 100,000 years old, has been considerably modified, though the deposits themselves are mostly preserved. Nebraskan glacial deposits, which are more than ^00,000 years old, have been eroded extensively, and none of the original topographic form survives. These general conditions are consistent with an average erosion rate of 0.0k mm/year or h m per 100,000 years.
The data indicate that erosion rates in Eastern United States, both modern and Cenozoic in age, are, on the average, low. For large areas, _o they average as much as about h X 10 mm per year. Judging by two anomalously low rates estimated by more detailed analysis of very small watersheds, the true rates may be even lower. All these rates are much lower than uplift rates at the center of large areas like the Canandian Shield, where the rate at the center is 20 mm per year. However, uplift rates depend on the size of the area being deformed, so it is more reasonable to compare tilt rates than absolute uplift rates. If erosion rates are converted to or are considered the inverse of tilt rates, then a large discrepancy remains, amounting to at least one order of magnitude. It thus appears that the rates of deformation now observed cannot have been sustained for long periods. The rates of rebound after the removal of the ice are consistent, however, with measured tilt rates. Rebound can take place rapidly, with only a short lag time between removal of a load and compensation by uplift. Much of the data contained in repeated geodetic traverses, however, is not readily explained. For example, the tilt downward south of Atlanta, Ga., involving a 100 km traverse (table 3, no. 5
if sustained for 100,000 years would result in a depression 550 m deep.
No depression exists at this locality, and the topography is a normal erosional topography resembling its surroundings. (Glaser, 1969) . As the coarser gravel contains a high proportion of quartzite and finer gravel contains a significant amount, at least some of the material probably came from the Appalachians west of the Blue Ridge.
On the other hand, the heavy minerals and the paucity of chert indicate that, in general, the greatest proportion of material probably came from the Piedmont, perhaps indicating that the relief on the Piedmont was high at the time.
Geomorphic evidence concerning the limits of the initial drainage system and the position of the divide has been controversial, and much has been written on the subject (Thornbury, 1965j P-82) . Judson (1975) noted that the continental drainage divide corresponds to a gravity low in the central and southern Appalachians ( fig. 6 ). The meaning of the gravity low is not understood, but the low may relate either to a thick crust or to the thick sequence of low-density rocks in the eastern part of the Appalachian basin. In any case, the correspondence of the low to the drainage divide is consistent with the idea that the divide has had a stable position for a long time. Oligocene time, at least in the north, sea level again was lowered. In
Miocene time, base level was generally lowered, though in some areas the sea was higher than now. The positions of base level were never parallel to those at present, as certain areas like the Cape Fear and South Jersey uplift tended to be higher than others (Owens, 1970) , and there has been a general down tilt of the shelf to the northeast.
It is assumed that continuing uplift as well as erosion inland were responsible for the high rate of sedimentation on the Continental Shelf.
The uplift was in the form of a broad arch, its axis centered somewhere near the present continental divide, as the absolute rate of uplift relative to base level must have increased inland. Thus, topographic relief that formed as a result of uplift would have been higher inland near the crest of the arch, especially in areas of resistant rocks. West of the Blue Ridge, where streams were eroding sedimentary rocks arranged in distinct and contrasting layers, the drainage system became adjusted to differences in the bedrock by multiple piracies, and local differences in relief were marked. This condition was especially true along the Cambrian and Ordovician belt in which solution was a major factor in the erosion mechanism. In the crystalline rock areas of the Blue Ridge and Piedmont, some rocks, such as the Ocoee Supergroup, felsitic volcanic rocks, or the quartz kyanite rocks of the Kings Mountain "belt had great resistance to erosion. As Flint (1963) showed in southern Connecticut, rocks having high quartz content tend to form high relief. Massive, coarsely crystalline rocks tend to "be more resistant than sheared or foliated rocks. When erosion was rapid, differences in relief related to rock type would have "been large. Under conditions of slower erosion in the crystalline-rock areas because of the polymineralic nature of most of the rocks, a residue of saprolite would collect at the surface.
When the residual mantle "became generally thick, differences in relief were largely eliminated over broad areas.
At present in the Piedmont and Blue Ridge, saprolite underlies most areas that have low relief. It may be more than 30Q feet thick, though it averages about 60 feet (. Hack, 1976) . In areas of high relief it is thin, or lacking, or it is found mostly in valley bottoms.
The shape of the domal uplift that produced the highlands is a 
Conclusion
Analysis of the landscape, the major concern of this study, indicates that the topography is quite varied in altitude and relief, but this variation is in general related to differential erosion of the bedrock rather than to differential uplift. Even the Adirondack Mountains, which have the form of an uplift, are girdled by a wide belt of nonresistant rock. Much of the Appalachian Highlands region, however, can be interpreted as an upwarp of large proportions, but the entire highland cannot be explained that simply. For example, differential uplift, or warping, must be invoked to explain the sharp break between the Blue Ridge and Piedmont. This is attested to by the gentle slope of the Piedmont at its margin along the Fall Zone and by the lack of large-scale faulting along that zone. The Blue Ridge escarpment, at least in the south, cannot be explained by differential erosion alone.
Thus, the up-arching of the Appalachian Highlands must have been differential, and it could have been accompanied by small-scale movements along fault zones parallel to the structural grain.
Data from a variety of sources indicate that the Earth's crust probably responds quickly to loading or unloading and that erosion rates and uplift rates are probably mutually dependent. The effect of a high rate of uplift is to increase erosion rates gradually eventually producing topography of greater relief. The converse would also be true, that decreased erosion rates would be correlated with lower relief. Local variations in the relief, even of great magnitude, are related to rock control and in places to differences in uplift rates as well, thus obscuring the outlines of tectonic blocks that may exist.
Data obtained from repeated geodetic traverses indicate rapid rates of tilt in many areas. These rapid rates are matched by similar rates along ancient water planes in deglaciated regions. Clearly, rapid changes in elevation or rates of tilt can and do occur locally. Nevertheless, many of those observed cannot have "been sustained for long periods of time. The erosion rates that have been estimated are an order of magnitude or more lower, and if the high rates of tilt or uplift were long sustained, they would result in much larger topographic features than are observed.
